
Evaluation of Actinide-Doped Crystals  
via X-ray Spectroscopy for Solid-state Nuclear Clock

Sayuri Takatori  (RIIS, Okayama University)

Poster ID 13

229Th:CaF2

Method: Using X-ray absorption fine structure spectroscopy (XAFS), a powerful tool to evaluate both 
the ionic valence and local structure of crystals even in dilute samples.
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the surface. Although generally relevant in  CaF2, we expect two-photon absorption processes to be negligible in 
these measurements, due to the very low probe intensities used. It is also assumed that surface quality is similar 
for all measured crystals. However, this is hard to guarantee due to the hygroscopic nature of calcium !uoride, 
which leads to water  adsorption22. "e relative absorption coe#cient is de$ned as

where T is the sample transmission, TCaF2 the transmission of pure  CaF2 and d the thickness of the crystal. We 
measure the spectral transmission and subsequently calculate the relative absorption of 229/232":CaF2 at 150 nm.

Non-normalized transmission measurements for 232"- and 229"-doped crystals can be seen in Fig. 3. Fig-
ures 4 and 5 show the relative absorption coe#cient at 150 nm, the region of interest for a 229 " based clock, of 
all measured crystals as a function of concentration and activity.

From Fig. 3 it can be seen that the grown single crystals have a transmission above 5% around 150 nm, 
some reaching ≈ 40%. In cases where the seed crystal was fully molten during the growth process, we obtain 
completely VUV-opaque samples (transmission < 0.1% , independent of doping concentration). We conjecture 
that in these cases, a polycrystal is formed, which suppresses VUV transmission due to the presence of grain 
boundaries that locally increase VUV absorption. Doping concentrations up to 2.6 ×  1020 cm−3 for 232" and up 
to 5.4 × 1017 cm−3 229" were reached with good (> 5%) transparency.

"e 232" doped crystals o&en show a broad absorption around 150 nm (see Fig. 3, 232 " crystals), which we 
tentatively attribute to Ca metallic  particles23. Similar absorption bands around 160–170 nm were  observed24 
and attributed to calcium metallic precipitates or colloids incorporated in the CaF2 matrix. "ese precipitates 
can form due to crystal damage or a de$ciency of !uoride/excess of calcium, which is likely in our crystals due 
to the present radioactivity. In undoped CaF2 the particles absorb around 160 nm, but the presence of " will 
change the refractive index of the crystal thereby possibly changing the absorption wavelength of these particles. 
Another explanation would be a defect correlated to the 232 " doping or a concentration-driven local crystal 
phase change to for example  "CaF6

21,25.
All grown 232":CaF2 crystals absorb starting from 130 nm and have very low transmission below 125 nm, 

earlier than the transmission edge of  CaF2 which starts absorbing at 125 nm and has little transmission below 
122 nm. It can be seen that the 229" doped crystals are transparent up until the transmission edge of undoped 
 CaF2 as indicated by the arrows. "e overall transmission of these crystals is lower but otherwise follows the 
trend of undoped  CaF2.

(1)µrel =
− log (T/TCaF2)
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Figure 2.  229":CaF2 single crystal grown with an activity of 1 MBq in the starting material. On the le&, the 
crystal as it was inspected immediately a&er growth. On the right, the crystal a&er 3 days. "e orange coloring is 
due to radioactivity-induced agglomerations of defects (F-centers)21. "e melting boundary can be clearly seen 
in the color di'erence, the doped and undoped sides are indicated. "e top of the crystal is on the right.

Figure 3.  Representative spectral transmissions of 232":CaF2 and 229":CaF2 with di'erent concentrations. 
A sample of VUV grade  CaF2, produced and polished by Korth GmbH, is displayed for comparison. "e 
thicknesses of the crystals were respectively 5, 1.7, 1.35, 2.5 and 1 mm. "e arrows indicate the approximate 
transmission edge for each crystal type. A clear shi& compared to undoped  CaF2 in the edge is observed for 
232 " doped crystals but not for 229 " doped crystals.
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‣ Establishing a method to control uranium valence 
enables new application for U:CaF2.
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‣ How is the charge difference 
between Ca²⁺ and Th⁴⁺ ions 
compensated?
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• U:CaF2 has interesting applications as a laser material.

• uranium can exist in multiple charge states, from 3+ to 

6+, depending on the growth conditions.

• Thorium-229 has a low first excited state at around 
8 eV and can be directly excited by a VUV laser.


• Candidate for a 'solid-state nuclear clock.’


